The relationships between parental effort, offspring growth, and offspring blood parasitemias are poorly known. We examined the effect of parental effort on offspring size and prevalence of trypanosomes in peripheral blood of nestling Pied Flycatchers Ficedula hypoleuca aged 13 days. Trypanosome infections were likely to be shared by siblings, indicating the role of a common environment and͞or shared genes in the susceptibility to infection. Broods infected by trypanosomes had reduced growth, but this was due to decreased parental, especially maternal, energy expenditure in broods with nestlings infected by trypanosomes. There was no association between parental infection with trypanosomes and both their energy expenditure and the infection of their broods. Under stressful conditions caused by low maternal energy expenditure, the immune response of nestlings during growth was probably impaired, in a way analogous to the relapses of blood parasitemias with reproductive effort in breeding animals.
Growth, reproduction, and defense against parasites are costly activities that cannot be simultaneously optimized, which generates trade-offs between life-history traits (1) (2) (3) (4) (5) (6) (7) (8) (9) . Studies of the effects of parasites on hosts' life histories have mainly examined the predicted greater frequency of parasitemias among breeding individuals with increasing reproductive effort (5) (6) (7) (8) (9) . The relationship between adult reproductive effort with parasitemias in their offspring has rarely been assessed, despite the well-known interactions of parental investment with offspring number and quality (1, 2, 10) , the widespread occurrence of parental effects on offspring traits (11) , and the fact that juvenile individuals are more severely affected by parasites than adults because they have a less efficient immune response (12) (13) (14) . If the offspring are affected with parasitism, parents may either compensate the negative effects of parasites on offspring fitness or, alternatively, may invest less in their offspring because the brood has decreased its reproductive value and because the level of reproductive investment influences future survival or fecundity (1, 2, 5, 9) .
In this paper we examine the hypothesis that reduced parental effort may increase the prevalence of hemoparasites in their offspring in the system formed by a passerine host, the Pied Flycatcher (Ficedula hypoleuca) (15) and trypanosomes. Trypanosomes are a diverse and highly successful group of blood parasites, which infect Ͼ70% and 50% of species and individuals, respectively, in some temperate avian communities (16) (17) (18) . Although trypanosomes are apparently rare in the blood of nestling birds (17) , this perception may be the result of insufficient sampling. Trypanosomes are detectable in peripheral blood smears of nestlings in at least one bird population at intensities greater than those suffered by adult hosts (19) . Trypanosomes have mechanisms unique among parasitic protozoa to circumvent the hosts' immune response. They escape immune suppression by continuously generating new surface antigens-i.e., homotypes (20)-although antigenic variation has not been investigated in avian trypanosomes (17) . To test the relationship of parental effort with trypanosome prevalence and offspring growth, we manipulated hosts' brood size, quantified parental effort by means of the doubly-labeled water technique, measured nestling growth, and assessed both adults and nestlings for the prevalence of infection by trypanosomes.
METHODS
We studied Pied Flycatchers breeding in nestboxes in a poor pine plantation during the spring of 1994 near El Cardoso, Central Spain (41°04Ј N; 3°27Ј E). We manipulated clutch sizes during the incubation stage by adding or removing one egg between nests with similar (up to 2 days of difference) laying date, and creating a control group of nests with unmanipulated clutches for comparisons with enlarged and reduced clutches͞broods. Although the effect of manipulations on brood size was still detectable at hatching, it had disappeared before the chicks were 12 days old (unpublished data).
We measured nestlings 13 days after hatching, when their final structural size, as expressed by tarsus length, has been attained (21) . Blood samples were taken from the brachial vein of all nestlings to assess their infection by hematozoa in blood smears. Smears were air-dried, fixed in absolute ethanol, stained with Giemsa stain, and examined under ϫ200 objective in search of large extraerythrocytic hematozoa (i.e., trypanosomes) (19) . Because detection of trypanosomes in blood smears requires considerable time and effort (22) , great efforts were made in the search for blood parasites in smears. To control for possible nonrandom distribution of parasites (22) , half of each smear was entirely scanned. Thus in most cases more than 300 fields were scanned (about 15 min͞smear). Intraerythrocytic hematozoa were counted under oil immersion (ϫ1000) and quantified as number of parasites per 2000 erythrocytes (22) .
We captured both parents on day 13 in 17 nests and one parent of each sex in 7 additional nests, and measured their daily energy expenditure (DEE; in kJ͞day) by means of the doubly-labeled water method (23, 24) . Blood samples were analyzed for isotopic activity at the Center for Isotope Research of the University of Groningen, The Netherlands (estimation data of DEE are available from the authors upon request). For each parent bird we also collected a blood smear to assess their degree of infection by hematozoa. Due to variation in prepatent periods of parasitic protozoa, adult Pied Flycatchers have a (detectably) more diverse array than nestlings (19) , but smears of both parents and nestlings were scanned for infection of both intraerythrocytic and extraerythrocytic parasites (19) .
Because nestlings within broods share genes and a common environment, the use of individual measurements (tarsus The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact.
Abbreviation: DEE, daily energy expenditure. length and mass) in statistical tests artificially inflates sample sizes. Therefore, we used within-brood averages. Prevalence of trypanosomes varied across broods (Fig. 1) . Using nestlings as sample units, with families being coded as a ''family factor,'' a logistic regression model explained 86% of the betweennestlings variability in trypanosome prevalence (Ϫ2 likelihood ϭ 82.3, 2 ϭ 73.2, df ϭ 31, P Ͻ 0.001). Thus, a large amount of variability among nestlings in trypanosome prevalence was accounted for by family membership, which indicates that a common environment or genetic similarity affected the likelihood of infection by parasites (25) . We therefore devised a method to score entire broods as to the prevalence of trypanosomes in individual nestlings. We considered broods to be infected by trypanosomes when at least one nestling was infected (n ϭ 16 broods, 50% of total; Fig. 1 ). We also used the within-brood proportion of infected nestlings (Fig. 1) . Results were very similar using either of the infection scores; therefore, we present the analyses using the more simple estimate of infection-i.e., the proportion of broods where at least one nestling was infected. Results using a more conservative infection score, namely the within-brood proportion of infected nestlings (Fig. 1) , did not change any of the conclusions presented here.
RESULTS
Trypanosoma spp. were the only blood parasites we recorded in nestlings, but adult birds were also infected by intraerythrocytic Haemoproteus balmorali (seven individuals) and Leucocytozoon spp. (one individual). There were no significant effects of infection by trypanosomes (18 infected individuals) and intraerythrocytic parasites of adult birds of either sex on their DEE (males: F 1,20 ϭ 0.80, P ϭ 0.68; females: F 1,18 ϭ 0.36, P ϭ 0.56), and prevalences did not vary with experimental treatment in either nestlings or adult birds (Table 1) . There was no association between trypanosome infections detected in (1996) parents and in their chicks (males: 2 1 ϭ 0.83, P ϭ 0.36; females: 2 1 ϭ 0.00, P ϭ 1.00; tests using Yates correction). Broods with nestlings infected with Trypanosoma had shorter mean tarsi (F 1,31 ϭ 4.70, P ϭ 0.038) and lower mean mass (F 1,30 ϭ 9.58, P ϭ 0.004) than uninfected broods. However, the mean tarsus length and mass of infected chicks did not differ from those of their uninfected siblings (paired t tests, tarsus: t ϭ 0.01, P ϭ 0.99; mass: t ϭ 0.04, P ϭ 0.97, n ϭ 15). Female DEE was significantly lower in broods infected with trypanosomes than in uninfected broods (F 1,18 ϭ 9.01, P ϭ 0.008; Fig. 2) , and (1996) the same trend for the male parent DEE bordered statistical significance (F 1,21 ϭ 3.94, P ϭ 0.06; Fig. 2 ). The mean tarsus length was shorter, and the mean mass was lower, in enlarged rather than in control and reduced broods, and these data were correlated with the DEE spent by their mothers (unpublished data). We therefore reanalyzed the effects on average nestling tarsus length and mass of the experimental treatment and infection by trypanosomes while accounting for the female parent DEE. The apparent effects of trypanosomes on nestling growth disappeared when the female DEE was corrected (Fig.  3) , indicating that female DEE mediates the apparent detrimental effects of trypanosomes. As female DEE was significantly associated with brood trypanosome infections, we controlled for this effect by using the residuals of the ANOVA of female DEE in relation to brood trypanosome infection. Maternal DEE had a significant effect on nestling tarsus length when effect of trypanosome infection was controlled (F 1,18 ϭ 5.10, P ϭ 0.037).
DISCUSSION
Unlike the well-documented detrimental effects of trypanosome infection in mammals (14), there exists uncertainty about the pathogenic effects of trypanosome parasitemias in birds (refs. 17, 26, and 27; but also see ref. 28 ). This uncertainty is further complicated by sampling problems, because trypanosomes can persist ''hidden'' in the bone marrow of aparasitemic (as measured in peripheral blood) birds. It is not known whether trypanosomes find refuge in the bone marrow to divide and subsequently invade the host's bloodstream, or whether this is a parasite strategy for persisting through periods of low likelihood of transmission (i.e., winter; see refs. 17 and 27). Infections limited to the bone marrow may reflect an immune response of the host, such that trypanosomes leave the bone marrow only in periods of host physiological stress when, for whatever reason, the host's immune system is weakened (17) . Our sampling effort allows us to be highly confident in scoring trypanosome prevalence, although very slight peripheral blood infections, as well as infections limited to the bone marrow, could be overlooked. Nevertheless, undetected infections should render the results conservative because infected individuals would have been counted as uninfected. We therefore detected individuals whose defenses could not control or eradicate the parasite, or were suffering the infection to a higher degree than ''uninfected'' individuals (i.e., including birds whose immune system had controlled the infection or recently infected individuals who had not yet developed the infection). Thus most broods could have been infected by arthropod vectors, but trypanosomes only became evident in peripheral blood when the female parent spent less energy in brood care. To our knowledge, our study is the first to find an apparent association between trypanosome prevalence and avian growth at the intraspecific level. Ricklefs (29) documented a between-species association between prevalence of hematozoa and length of the embryonic period, with lower prevalences in species having longer prolonged embryo development and thus, presumably, a more developed immune system. However, that relationship did not hold for trypanosomes considered separately (29) . Our study points out the dangers of overinterpretation of the relationship between parasitemia and nestling growth in correlational analyses at the population level because both trypanosome prevalence and reduced nestling growth had a common cause in decreased maternal investment. Also, patently infected chicks grew as well as their uninfected siblings, showing that trypanosomiasis did not directly affect growth. Female Pied Flycatchers invested less effort in feeding their offspring if some of the nestlings in their broods were infected by trypanosomes. The apparent detrimental effects of these parasites on offspring growth vanished when the female parent effort, a strong environmental determinant of offspring growth (unpublished data), was taken into account. Reduced effort by females thus was linked to decreased tarsus length and nestling mass in their broods, and these nestlings were also more likely to be infected by trypanosomes. Other forms of parental effort besides the energy expended in feeding nestlings can affect brood infection probabilities-i.e., choice of parasite-free nests and anti-vector defensive behavior (30, 31) . This study shows that environmental and͞or genetic factors known to strongly influence development of some traits (21, 32, 33) have to be controlled before assessing the effects of parasites on wild hosts.
Was decreased maternal investment the cause of high trypanosome prevalence, or was it a consequence of an association between adult and brood infection due to a common nest environment (34) and͞or a common arthropod vector (27) and to the depressed performance of infected parents? There was no relationship between the infection of parents and their broods, nor did the infection of parents affect their energy expenditure. However, decreased maternal investment could be a consequence and not a cause of brood infection if females adjust their effort to the reproductive value of their chicks (5, 9, 10 ). This appears implausible, because female Pied Flycatchers did not adjust their energy expenditure to brood size, which suggests that their parental effort was independent of the brood reproductive value (ref. 35 ; unpublished data). We conclude that detectable trypanosome infections were enhanced by a low investment of female parents in their broods. The probable cause of the enhanced likelihood of trypanosome parasitemia and reduced growth in these broods is the well-documented interaction between nutrition, host immune response, and predisposition to infectious diseases (13, 14, (36) (37) (38) , although to date almost all evidence on these interactions comes from humans and captive animals (13, 14, 38) . However, it is well known that food scarcity negatively impacts offspring growth and survival in avian species in the wild (39, 40) , and these effects are even more marked in the presence of (ecto)parasites (41, 42) . In addition, malnutrition and nutrient deficiency produces involution of the thymus, decreased production of T-lymphocytes, impaired ability of macrophages to attack pathogen microorganisms (36) (37) (38) , and enhanced susceptibility to infections by trypanosomes (14) . Under reduced maternal effort, nestlings likely lived off their reserves and were compelled to reduce both their growth and their immune response, ''allowing'' trypanosomes to become more detectable in peripheral blood. This is an argument analogous to the ''reproductive stress'' hypothesis for the increased prevalence of some hematozoan parasites with adult reproductive effort (7, 8) . The only difference is that the physiological stress responsible for an impaired immune response by the host is caused by growth instead of reproduction.
